a-sarcin ribotoxins comprise a unique family of ribonucleases that cripple the ribosome by catalyzing endoribonucleolytic cleavage of ribosomal RNA at a specific location in the sarcin/ricin loop (SRL). The SRL structure alone is cleaved site-specifically by the ribotoxin, but the ribosomal context enhances the reaction rate by several orders of magnitude. We show that, for the a-sarcin-like ribotoxin restrictocin, this catalytic advantage arises from favorable electrostatic interactions with the ribosome. Restrictocin binds at many sites on the ribosomal surface and under certain conditions cleaves the SRL with a second-order rate constant of 1.7 Â 10 10 M -1 s -1 , a value that matches the predicted frequency of random restrictocin-ribosome encounters. The results suggest a mechanism of target location whereby restrictocin encounters ribosomes randomly and diffuses within the ribosomal electrostatic field to the SRL. These studies show a role for electrostatics in protein-ribosome recognition.
Certain fungi secrete cytotoxic ribonucleases that kill cells by inactivating ribosomes [1] [2] [3] [4] . These ribonucleases cross cell membranes via a receptor-independent pathway, and once in the cytoplasm, they catalytically cleave a specific phosphodiester bond in the universally conserved SRL structure in 23S-28S rRNA 3 . The cleavage disrupts binding of elongation factors to the ribosome, halts protein synthesis and ultimately triggers apoptotic cell death 4 .
Ribotoxins have garnered attention among ribonucleases because of their rare ability to target a specific RNA structure. Since the discovery of a-sarcin, a number of additional ribotoxins have emerged 5 . All contain 149 or 150 amino acid residues and share greater than 80% sequence identity, suggesting that they adopt similar folded structures and have comparable physicochemical properties. Ribotoxins have the same core fold, active site and cleavage pathway as RNase T1 (refs. 6,7) . Despite these similarities, RNase T1 and the ribotoxins possess very different substrate specificities. T1-like nucleases cleave RNA strands after every guanosine residue. In contrast, ribotoxins target a specific stem-loop, the SRL, cleaving only one of several thousand phosphodiester bonds in the ribosome 3 .
RNA oligonucleotides that contain the SRL sequence undergo sitespecific cleavage by ribotoxins, providing a convenient system for structural and functional analyses. Such studies have qualitatively established the importance of the bulged-G motif for cleavage within the GAGA tetraloop (Fig. 1a) , leading to a 'molecular ruler' model for SRL recognition 8 . Ribotoxins cleave their natural substrates, ribosomes, several orders of magnitude faster than SRL mimics 3, 8 , indicating that the ribosomal context of the SRL contributes substantially to specificity. We set out to address the mechanism underlying this rate enhancement by quantitatively characterizing the ribotoxininduced cleavage of the SRL and using the resulting mechanistic framework to investigate ribotoxin-induced cleavage of the ribosome. Restrictocin, from Aspergillus restrictus, was chosen for this study because it is the only ribotoxin whose complex with the SRL has been structurally characterized 9 .
In this work, the electrostatic character of the ribosomal surface emerges as an unpredicted determinant of ribotoxin specificity. We show that favorable electrostatic interactions with the ribosome allow the positively charged ribotoxin to bind with high affinity and speed, thereby enhancing the rate of SRL cleavage by several orders of magnitude. The ribotoxin restrictocin cleaves the ribosome with a second-order rate constant k cat /K m of 1.7 Â 10 10 M -1 s -1 , matching the catalytic efficiency of the fastest known enzymes [10] [11] [12] .
RESULTS

The role of electrostatics
Under previously reported reaction conditions 8 (50-70 mM monovalent salt), restrictocin cleaves the SRL with a second-order rate constant k cat /K m of (1 ± 0.3) Â 10 4 M -1 s -1 (Fig. 1b, closed circles) and a K m of 76 ± 10 mM ( Supplementary Fig. 1 online) , similar to the published values for a-sarcin 13, 14 . The relatively slow reaction and weak binding of the SRL complicated characterization of the enzymatic reaction, prompting us to examine the effects of variations in pH, temperature and buffer composition (Supplementary Fig. 1 and Supplementary Table 1 online). The initial reaction pH (7.4) and temperature (37 1C) were already optimal for restrictocin. However, the reaction rate was much greater upon dilution of the monovalent salt concentration. The logarithm of k cat /K m decreased linearly with a slope (n) of -4.2 ± 0.3 as the logarithm of [KCl] increased (Fig. 1b, closed circles). Experiments with other salts gave analogous results ( Supplementary Fig. 2 online) . At low salt concentration ([KCl] o 5 mM), the rate of restrictocin-induced cleavage reached an apparent maximum and became salt independent. Under k cat conditions ([SRL] c K m ), KCl concentration had no effect on the observed rate (Fig. 1b, open circles) , suggesting that the strong salt sensitivity of k cat /K m arises from changes in K m values. We confirmed this by direct measurement of K m at different salt concentrations ( Supplementary  Fig. 1 ). Under optimal conditions (10 mM Tris-HCl, 0-5 mM KCl, pH 7.0-7.4, 37 1C) restrictocin cleaves the SRL with a k cat /K m value of 10 8 -10 9 M -1 s -1 , which exceeds published k cat /K m values for any ribotoxin by 10 4 -to 10 5 -fold 13, 14 .
To explore the origin of inhibition by KCl, we first tested whether KCl affects the active site of restrictocin. We used the cleavage rate of the dinucleotide GA as a measure of the 'intrinsic activity' of this endonuclease. The dinucleotide GA mimics the sequence surrounding the scissile bond of the SRL but lacks the flanking nucleotides. The concentration of KCl had no effect on the cleavage rate of the GA dinucleotide (Fig. 1b, squares) , suggesting that the catalytic properties of the restrictocin active site remain uniform over the entire range of KCl concentrations. To test whether the inhibition arises from saltinduced rearrangement of the SRL to a weaker binding structure, we determined the salt-rate profile for restrictocin cleavage of an unstructured single-stranded RNA (ssRNA) (Supplementary Fig. 2 ). KCl inhibited this reaction with the same concentration dependence as for the SRL, precluding a salt-induced change in the SRL structure as the reason for the observed inhibition.
Alternatively, the steep salt dependence of the SRL reaction may reflect competition between the ribotoxin and the salt cations for electrostatic interactions with the RNA, as established for numerous other protein-nucleic acid binding reactions [15] [16] [17] [18] . The surface of restrictocin is positively charged (pI calc 9.13) and could interact electrostatically with the negatively charged RNA. These electrostatic interactions are expected to redistribute the ion atmosphere surrounding the SRL and restrictocin upon complex formation, rendering binding dependent on the salt concentration. The salt dependence,
, reflects the number of ion pairs released (a negative slope) from the RNA and protein upon complex formation 18, 19 . For restrictocin-catalyzed cleavage of the SRL, changes in k cat /K m reflect changes in K m (Fig. 1b) and K m is equal to the equilibrium dissociation constant K d ( Supplementary Fig. 3 online) . Therefore, we substituted qln ( 
To test further the model wherein restrictocin interacts with the SRL electrostatically, we measured the single-turnover kinetic parameters k 2 (the maximum rate constant under single-turnover conditions with saturating restrictocin) and K 1/2 (restrictocin concentration required to achieve half-maximal velocity under single-turnover conditions) for a series of RNA oligonucleotides of increasing length (Supplementary Table 2 online). These substrates contained at least one embedded GA site and were cleaved by restrictocin predominantly after purines. At 5 mM KCl, all non-SRL substrates reacted with similarly slow rates (k 2 values of (6 ± 4) Â 10 À4 s -1 ), but showed improvement in K 1/2 values as substrate length increased (Fig. 1c) . Beginning with K 1/2 ¼ 0.5 ± 0.2 mM for the pGpA dinucleotide, each additional nucleotidyl group provided 2.3 ± 0.1-fold improvement to K 1/2 , or 0.51 ± 0.03 kcal mol -1 to the binding energy. Beyond B20 nucleotides, this effect attenuated until the binding affinity reached a maximum of B10 nM for oligonucleotides containing 25 residues or more. Such substrates bind restrictocin with the same affinity as the SRL, indicating that substrate length, not sequence or structure, dictates the stability of the binary complex and suggesting that binding occurs via nonspecific electrostatic interactions.
To determine whether the role of electrostatics reflects a conserved feature of ribotoxins, we examined the salt-rate dependence of the SRL cleavage by the restrictocin homolog a-sarcin. a-sarcin cleaved the SRL with a similarly steep salt dependence (n ¼ -4.8 ± 0.4; Supplementary Fig. 2 ) and showed the same considerable improvement in kinetic parameters at low salt concentrations (k cat /K m ¼ (1 ± 0.4) Â 10 7 M -1 s -1 and K m ¼ 8 ± 2 nM at 5 mM KCl), due to better binding, as described above for restrictocin. All sequenced members of the a-sarcin family have calculated isoelectric points in the basic range, suggesting that our observations have functional implications for this entire family.
Ribosomes as targets
As described above for the SRL, the ribotoxin loses 10 4 -to 10 5 -fold in catalytic power as the salt concentration increases from 5 mM to physiological levels of 100-150 mM (Fig. 1b, closed circles) . To test whether placing the SRL within the natural cellular target, the ribosome, restores this lost catalytic potential, we conducted experiments using ribosomes from rat liver as a substrate. These ribosomes sedimented as a mixture of 80S particles and polysomes over a range of MgCl 2 (0.1-2 mM) and KCl (10 mM-150 mM) concentrations, according to analytical ultracentrifugation (AUC) analysis (data not shown; see Methods). At 50 mM KCl and 1 mM MgCl 2 , restrictocin cleaves the SRL within ribosomes with a k cat /K m of (3 ± 1) Â 10 7 M -1 s -1 , more than 1,000-fold faster than it cleaves the SRL oligonucleotide under the same conditions ( Fig. 2a,b) . The increase in rate arises from a corresponding improvement in ribotoxin binding: ribosomes react with k cat ¼ 1.1 ± 0.5 s -1 ( Fig. 2c , plateau) and K m ¼ 30 ± 10 nM (data not shown), whereas the SRL reacts with k cat ¼ 1.4 ± 0.4 s -1 ( Fig. 1b) and K m B100 mM (data not shown). Disruption of the ribosomes by phenol extraction of ribosomal proteins decreased the rate by 10 4 -fold (Supplementary Fig. 4 online and data not shown), supporting the argument that perturbing ribosomal proteins, ribosomal structure or both contributes to this loss. These results indicate that the ribosomal context strongly enhances binding of the ribotoxin.
To assess whether electrostatic interactions impart the additional energy for binding between restrictocin and the ribosome, we determined the salt dependence for restrictocin-mediated ribosome cleavage under subsaturating conditions. Because the ribosome-cleavage buffer contained 1 mM MgCl 2 to stabilize 80S particles, we also determined the KCl profile for the SRL reaction in the presence of 1 mM MgCl 2 to allow direct comparison between the ribosome and the SRL oligonucleotide. In the presence of 1 mM MgCl 2 , KCl still strongly inhibited the SRL cleavage reaction (Fig. 2a , open circles), but as expected for mixed-salt buffers 20, 21 , the maximum cleavage rate (k obs /E 0 ¼ (5 ± 2) Â 10 5 M -1 s -1 , where k obs is the observed rate constant and E 0 is the total enzyme concentration) and slope (n ¼ -3.0 ± 0.2) decreased relative to the profile obtained in the absence of magnesium (
The ribosome reacts with a steeper dependence on KCl concentration than does the SRL oligonucleotide (n ¼ -6.0 ± 0.4; Fig. 2a , colored circles). A sharp transition occurs near 130 mM KCl, possibly reflecting dissociation of the 80S species to give 60S and 40S subunits, as suggested by AUC (data not shown). The slope of -6 for the KCl dependence suggests that more electrostatic contacts form upon restrictocin binding to the ribosome than upon binding to the SRL RNA. These results support the argument that additional electrostatic interactions stabilize the restrictocin-ribosome complex relative to the restrictocin-SRL complex. To illustrate the apparent catalytic advantage for ribosome cleavage versus SRL oligonucleotide cleavage, we plotted k obs /E 0 values for cleavage of ribosomes relative to SRL over a range of KCl concentrations (Fig. 2b) . Between 50 and 140 mM KCl, restrictocin cleaves ribosomes B10 3 -fold faster than SRL oligonucleotides, and this effect is entirely due to tighter binding, as the ribosome and SRL react with the same k cat values (1 s -1 ) .
The ribosome concentration in vivo (1-10 mM) 22,23 exceeds the K m for restrictocin-catalyzed cleavage by 30-to 300-fold (K m B 30 nM; data not shown). We therefore determined the salt-rate profiles at various ribosome concentrations, including those greatly exceeding the K m values. As the ribosome concentration increases, the salt-rate profiles shift further along the KCl axis (Fig. 2c) . This shift occurs because reactions containing elevated ribosome concentrations require higher salt concentrations to induce subsaturating conditions. The high in vivo concentration of ribosomes is therefore expected to offset salt inhibition at 100-150 mM KCl, allowing restrictocin to operate near its catalytic optimum inside cells (Fig. 2c , yellow box).
Distal basic residues contribute to ribosome targeting
To test directly whether the stronger binding of restrictocin to the ribosome results from electrostatic interactions distinct from those at the SRL interface, we constructed charge reversal mutations (lysine and arginine to aspartate) of three basic residues (Arg21, Lys28 and Lys63) that lie outside the restrictocin-SRL interface in the crystallographically determined structure 9 (Fig. 3a) . Residue 63 lies near this interface, whereas residues 21 and 28 reside on the opposite face. We investigated three restrictocin variants for comparison to the wild-type protein: the single mutant R63D, the double mutant R21D K28D and the triple mutant R21D K28D R63D (designated as 3/D). The three mutants cleave the SRL oligonucleotide with nearly the same rate as does wild-type restrictocin (Fig. 3b) , indicating that the mutated residues make little energetic contribution to SRL binding. The triple mutant 3/D gives the same salt-rate profile for SRL cleavage as the wild-type ribotoxin, within error (n ¼ -3.9 ± 0.1; Supplementary Fig.  5 online). These findings suggest that the mutated residues do not contribute to electrostatic interactions between the SRL and restrictocin, in accord with the cocrystal structure, where none of the three mutated residues contact the SRL 9 .
In contrast to SRL cleavage, the mutant ribotoxins cleave ribosomes with markedly decreased rates compared to wild-type ribotoxin (Fig. 3c) . The single charge reversal on the front surface of the ribotoxin (K63D) reduced k cat /K m by a factor of 100 ± 30; the double charge reversal on the back surface (R21D K28D) reduced k cat /K m by a factor of 30 ± 3. The simultaneous reversal of the three charges (triple mutant 3/D) reduced k cat /K m by 2,000 ± 400-fold, such that ribosome cleavage and SRL oligonucleotide cleavage occurred with similar rates (Fig. 3b,c) . As expected, the 2,000-fold reduction in k cat /K m for the triple mutant 3/D results from weakened binding (K m for the 3/D mutant increased by greater than 700-fold; Supplementary Fig. 5 ). The triple mutation also attenuates the slope of the salt-rate profile for ribosome cleavage (n ¼ -2.2 versus n ¼ -6 for wild-type protein; Supplementary Fig. 5 ). These basic surface residues of restrictocin, which have little or no effect on cleavage of the SRL oligonucleotide, contribute to the ribotoxin's ability to bind and cleave ribosomes, supporting a role for electrostatics in proteinribosome recognition.
Maximal rate of ribosome inactivation by restrictocin At low salt concentration, the binding affinity of restrictocin for the ribosome approaches the concentration of ribosomes in the reaction (10 nM). Under these condition, the salt-independent parameter k cat (rather than k cat /K m ) governs the reaction kinetics, masking the lowsalt behavior of k cat /K m . To explore k cat /K m under low-salt conditions, we used subsaturating ribosome concentrations ({10 nM) throughout. As the ethidium staining protocol cannot detect ribosomes at such low concentrations, we developed a more sensitive assay that detects formation of the a-fragment (the 3¢ product of SRL cleavage in 28S rRNA) by hybridization of a radiolabeled [ 32 P]DNA probe complementary to nucleotides 4371-4399 of rat 28S rRNA (Fig. 4a) .
Using this alternative assay (Fig. 4b) , we obtained the salt-rate profile for restrictocin reactions containing 10 pM ribosomes (Fig. 4c) . In the high salt regime (440 mM KCl), the new profile overlaps with that obtained from reactions containing 10 nM ribosomes, confirming the validity of the assay. However, because reactions at 10 pM ribosomes remain under k cat /K m conditions throughout the titration, the profiles diverge as the salt concentration decreases, revealing a new apparent maximum for k cat /K m of (2 ± 1) Â 10 9 M -1 s -1 rRNA labeling scheme (at 20 mM KCl and 1 mM MgCl 2 ). Further improvement in k cat /K m occurs upon dilution of MgCl 2 (Fig. 4c, inset) . Analogous improvement happens in reactions with the SRL oligonucleotide: the salt-rate plateau in the absence of magnesium (Fig. 1b, filled circles) increases by B100-fold compared to that in the presence of 1 mM MgCl 2 (Fig. 2a, open circles) . At 0.1 mM MgCl 2 (10 mM KCl), restrictocin induces formation of the a-fragment with a second-order rate constant of (1.7 ± 0.2) Â 10 10 M -1 s -1 , one of largest k cat /K m values ever reported for an enzymatic reaction 12 ( Fig. 4d ; see Discussion). Independent AUC experiments confirmed that, under these ionic conditions, the ribosomes remain in the native 80S configuration (data not shown). No additional increase in k cat /K m occurs upon further dilution of MgCl 2 or ribosomes, suggesting that the value of (1.7 ± 0.2) Â 10 10 M -1 s -1 probably represents the physical limit imposed on the reaction rate by diffusion.
Ribosomes bind many restrictocin molecules at once
Linear Poisson-Boltzmann calculations of the electrostatic surface potential, for both the ribosome and the ribosomal subunits from archaeal sources 24, 25 , assign negative potential to much of the ribosomal surface, including the region containing the SRL, with relatively few positively charged areas. In the crystal structure of the 50S ribosomal subunit, 23S rRNA and five proteins (L3, L6, L13, L14 and L24e) comprise the surface near the SRL (Fig. 5) . Like most ribosomal proteins 26 , these proteins have bipolar character, with the majority of basic residues buried inside the ribosome and acidic residues exposed to solvent. Many of these acidic residues are conserved among bacterial, archaeal and eukaryotic ribosomes (sequence alignments of ribosomal proteins across the species not shown; bacteria contain no counterpart to L24e), implying that the electrostatic properties of the ribosomal surface may be important for function.
To test this view of the ribosomal surface potential, we assessed whether restrictocin binds multiple sites on the ribosome. We determined the stoichiometry of binding by monitoring restrictocincatalyzed cleavage of the radiolabeled SRL oligonucleotide in the presence of ribosomes. Reaction of the SRL oligonucleotide under subsaturating (k cat /K m ) conditions provides a sensitive measure of the free restrictocin concentration (Fig. 6a, open circles) . Restrictocin binding by the ribosome decreases the concentration of free ribotoxin, thereby reducing the rate of SRL oligonucleotide cleavage. At low restrictocin concentrations (o5 nM), 10 nM ribosomes inhibited the rate of SRL oligonucleotide cleavage by 100-to 200-fold, suggesting that the ribosomes bind greater than 99% of the restrictocin molecules. The reaction shows a modest dependence on restrictocin until the ribotoxin concentration approaches 400 nM, where the dependence acquires a strong linear sensitivity (Fig. 6a, filled circles) . We obtained an analogous profile with 5 nM ribosomes, except that reactions acquired strong linear sensitivity at lower restrictocin concentrations (about 200 nM; Fig. 6a, diamonds) . These observations suggest that ribosomes sequester free restrictocin until available binding sites become saturated.
To verify that the titration profile reflects restrictocin binding to the ribosome, we performed the same experiment using the triple mutant of restrictocin, 3/D. As described above, this mutant cleaves the SRL oligonucleotide with nearly the same rate as wild-type restrictocin but binds ribosomes much more weakly. Ribosomes had essentially no effect on the rate of SRL oligonucleotide cleavage by the 3/D mutant (Fig. 6b) , demonstrating that the inhibitory effect in the reaction with wild-type restrictocin reflects restrictocin binding to the ribosome.
Binding of one restrictocin to one ribosome cannot account for the data in Figure 6a (dotted line), as the concentration of restrictocin required to restore SRL cleavage greatly exceeds the concentration of ribosomes. We analyzed the data according to a model in which the ribosome contains k restrictocin-binding sites that competitively inhibit restrictocin-catalyzed cleavage of the SRL oligonucleotide. Fitting the titration profiles in Figure 6a to this model (see Methods) gives k ¼ 49 ± 3. Data from analogous experiments containing different concentrations of ribosomes, KCl and magnesium (ribosome integrity under all conditions was checked by AUC) quantitatively supports this conclusion (see Methods). The large number of binding sites on the ribosome for restrictocin but not for the triple mutant 3/D suggests that restrictocin binds nonspecifically to much of the ribosomal surface via electrostatic interactions. These observations agree with the global view of the ribosomal surface potential derived from linear Poisson-Boltzmann calculations 24, 25 and have implications for ribotoxin function. 
DISCUSSION
Characterization of the site-specific, endonucleolytic cleavage of the SRL RNA by restrictocin has revealed the hallmark signatures of electrostatic interactions. These interactions govern the nonspecific association between the positively charged ribotoxin and the negatively charged SRL RNA. Specific recognition of the SRL structure occurs only after binding, during conversion of the binary complex to products. Understanding how the SRL structure promotes transition state stabilization remains an important future challenge. The binary restrictocin-ribosome complex reacts with the same first-order rate constant (k cat ) as does the restrictocin-SRL oligonucleotide complex, but the electrostatic signatures are augmented. Restrictocin binds the ribosome with a significantly greater inverse salt dependence than that for SRL oligonucleotide binding (Fig. 2) , indicating additional electrostatic interactions with the ribosome. Mutagenesis of basic restrictocin residues (Fig. 3) directly supports this view. These additional electrostatic interactions allow the ribotoxin to bind more strongly to the ribosome than to the SRL oligonucleotide or other RNA oligonucleotides, thereby enhancing the specificity of restrictocin for the ribosome. Additional specificity could emanate from binding to the ribosomal surface at multiple sites, as this would enhance the ribotoxin's association constant.
The catalytic advantage created by the ribosomal surface has implications for ribotoxin function in vivo. Under approximately physiological conditions, restrictocin binds weakly to free RNA oligonucleotides. We estimate that RNA oligonucleotides bind with a K d of B1 mM (at 100 mM KCl and 1 mM MgCl 2 ), a value well above the concentration of free RNA in the cytoplasm. In contrast, restrictocin binds the ribosome with an affinity that is below the ribosomal cytoplasmic concentration of 1-10 mM, suggesting that, in vivo, the ribotoxin operates under saturating (k cat ) conditions, cleaving 1-2 ribosomes per second (Fig. 2c, plateau) .
Rapid target location by restrictocin
Under the low-salt regime (10 mM KCl and 0.1-0.3 mM MgCl 2 ), restrictocin catalyzes cleavage of ribosomes with a maximum secondorder rate constant of 1.7 Â 10 10 M -1 s -1 , an unusually large value for an enzymatic reaction. This rate coincides with the theoretical prediction from the Smoluchowski equation, which predicts that diffusioncontrolled encounters between restrictocin and the ribosome occur with a frequency of 2.4 Â 10 10 M -1 s -1 at 37 1C (data not shown). Macromolecules often associate four to five orders of magnitude slower than the predicted encounter rate because energy barriers and stringent orientational constraints accompany binding 10, 27, 28 . Favorable electrostatic interactions provide the only known mechanism to allow macromolecules to bind at rates approaching their encounter frequency 27, 28 . The similarity of the calculated encounter frequency and the observed k cat /K m value for restrictocin-catalyzed ribosome cleavage suggests that electrostatic interactions between restrictocin and the ribosome facilitate association, in agreement with the effects of salt and of charge-reducing mutations described above.
Mechanisms of rapid target location
Electrostatic interactions can engender unexpectedly fast macromolecular association rates by at least three distinct mechanisms, which may operate together: (i) a steering mechanism, in which electrostatic interactions would serve to orient the ribotoxin during its approach to the ribosome for productive association and catalysis 28, 29 ; (ii) a mechanism in which the particles interact electrostatically at a distance that exceeds the sum of their physical radii, thereby increasing the effective cross-section for bimolecular encounter 30 ; and (iii) a two-dimensional diffusion mechanism, in which the ribotoxin encounters the ribosome at a random site and diffuses over the ribosomal surface via electrostatically assisted long-lived re-encounters 30 . These mechanisms could accelerate target location by orienting restrictocin and by reducing the volume through which the ribotoxin must search. The observation that as many as 50 restrictocin molecules (but not the triple restrictocin mutant 3/D) can bind simultaneously to the ribosome establishes two important prerequisites for the twodimensional diffusion mechanism. First, negative electrostatic potential permeates much of the ribosomal surface, and second, the ribotoxin can bind nonspecifically via electrostatic interactions to multiple sites on the ribosome.
The role of electrostatics in protein-ribosome recognition emerges from this work. Previous studies of ribotoxins and basic peptides have suggested that the positive charge on the protein surface promotes cellular uptake 31, 32 . Our data reveal another role for the positive charge on the ribotoxin surface: enhancement of ribosome targeting via electrostatic interactions. Our observations show how ribotoxins, and perhaps other proteins and cytoplasmic components, can exploit the electrostatic surface of the ribosome to achieve binding specificity and speed in locating their ribosomal targets.
METHODS
Estimation of errors. All kinetic parameters were determined multiple times, with s.d. reported. Some parameters, including k cat /K m for SRL and its salt dependence, were measured more than five times.
Ribotoxins and substrates. Restrictocin and a-sarcin were gifts from I.G. Wool (University of Chicago). Restrictocin mutants were prepared as described below. RNA substrates were synthesized by Dharmacon RNA Technologies or in our laboratory (Supplementary Table 2 ). The wild-type SRL substrate, 5¢-CCUGCUCAGUACGAGAGGAACCGCAGG-3¢, reproduces the nucleotides at positions 4311-4337 of 28S rRNA from Rattus norvegicus. To obtain substrates of varying lengths, a series of deletion constructs was synthesized with successive removal of 5¢-and 3¢-terminal nucleotides. To avoid sequence selfcomplementarity and secondary structure, the sequences of the ssRNA and ssDNA oligonucleotides were designed with the RNA structure 3.71 (ref. 33) . All guanosines in the RNA sequence were equally accessible to cleavage by RNase T1, confirming a single-stranded conformation. A control experiment showed that RNase T1 did not cleave the base-paired RNA substrate under similar conditions. After nondenaturing PAGE purification, the SRL substrates reacted in ribotoxin assays with single-exponential kinetics, reaching 480% completion. Other RNA substrates were PAGE-purified and reacted to 495% completion.
Preparation of eukaryotic ribosomes from rat liver. Ribosomes from rat liver were prepared as previously described 34 35 . AUC of ribosome samples in velocity mode was performed using a Beckman XL-A ultracentrifuge. This method directly measures the distribution of ribosomal particles according to their sedimentation coefficient in the reaction buffer at 37 1C, circumventing complications from long processing times and unknown concentrations of ribosomes in gradient-centrifugation techniques. High quality sedimentograms with nanomolar ribosome concentrations were obtained (data not shown). The velocity data was analyzed with UltraScan 6.0 (ref. 36 ) and with Sedfit 37 .
Expression and purification of restrictocin mutants. The K63D mutant and R21D K28D double mutant of restrictocin were made with a QuikChange kit (Stratagene) using wild-type pREST as the template; the R21D K28D K63D triple mutant was made using the double mutant as the template. The identity of each mutant plasmid was confirmed by DNA sequencing (University of Chicago DNA-sequencing Facility). Expressed proteins were purified on a C-25 SP ion-exchange column (Pharmacia) at pH 5. General kinetic methods. Radiolabeled oligonucleotides were prepared using standard protocols and reaction temperature was 37 1C throughout. Cleavage reactions with restrictocin and a-sarcin were carried out in FTX buffer (10 mM Tris-HCl and 0.05% (v/v) Triton-X-100 (pH 7.4)) containing 0-300 mM KCl. Before reaction, 3 ml of enzyme solution in buffer containing 50 mM Tris-HCl and 0.25% (v/v) Triton X-100 was added to 10.5 ml of sterile H 2 O and preincubated at 37 1C for 5 min. Reactions were initiated by rapid addition and mixing of 1.5 ml of 32 P 5¢ end-labeled RNA substrates. Aliquots of the reaction mixtures were withdrawn at different time intervals and placed in quench solution (10 M urea, 0.7% (w/v) SDS, 50 mM EDTA, 0.02% (w/v) xylene cyanol and 0.02% (w/v) bromophenol blue). Reaction products were separated by 20% (w/v) PAGE, the radioactivity was quantified on a PhosphorImager (Molecular Dynamics), and the resulting data were analyzed using SigmaPlot 6.0 (SPSS).
Cleavage of ribosomes was performed in FTX buffer containing 0.003-2 mM MgCl 2 and 10-200 mM KCl. Reaction volumes were adjusted between 5 ml and 1,000 ml, depending on the ribosome concentration used, to allow visualization of the rRNA and a-fragment. Aliquots of the reaction mixture were placed into excess stop solution containing 0.3 M sodium acetate, 1% (w/v) SDS and 50 mg l -1 heparin. Total rRNA was obtained by subsequent phenol extraction and ethanol precipitation and analyzed on a 1.5% (w/v) agarose gel. The a-fragment (393 nt) formed upon cleavage of ribosomes by the ribotoxin ( Supplementary Fig. 4 ) was quantified with ImageJ (http://rsb.info.nih.gov/ij/) using either 5.8S or 18S rRNA as internal standards.
We derived the following equation to fit the salt dependence of the cleavage rate (V), which is similar to an equation used in ref. 15 for studies of ribonuclease A:
where k 2 is the single-turnover catalytic constant, K 1/2 is the ribotoxin-RNA binding constant measured in the salt-independent region (below B5 mM KCl), K KCl is the apparent constant for binding of KCl to RNA and restrictocin, n is the slope of the salt dependence, S 0 is the total concentration of substrate and E 0 is the total concentration of enzyme. Equation (1) assumes that n moleequivalents of K + and Cl -bind as competitive inhibitors to free S and E, respectively, and are released into solution upon formation of the ES complex.
Titration of restrictocin-binding sites on the ribosome. 32 P-radiolabeled SRL (1.5 ml) was added to 13.5 ml of FTX buffer containing 10 mM KCl, 0.3 mM MgCl 2 , 5 or 10 nM ribosomes and 0.001-7 mM restrictocin. Data were collected at time points during 1-to 5-min time courses, the data were fit to first-order kinetics models using SigmaPlot and the obtained rate constants were analyzed using Gepasi 38 to obtain the concentration of the restrictocin-binding sites created by the ribosome in solution. Experiments were repeated at higher salt concentrations (either 20 mM KCl, 0.3 mM MgCl 2 and 10 nM ribosomes or 30 mM KCl, 1 mM MgCl 2 and 30 nM ribosomes). The ribotoxin binding affinity for the ribosome (K m ) decreased by 3-or 30-fold, respectively, as expected, but the number of binding sites (B49 ± 3) remained unchanged.
Structure analysis and electrostatic calculations. Figures of molecules were generated with Ribbons 39 , SwissPDB 40 , POV-Ray (http://www.povray.org/) and PyMOL (http://pymol.sourceforge.net/). Electrostatic potentials were calculated in PyMOL using the vacuum electrostatics method. The surface area buried in the ribosome upon restrictocin binding was estimated by superimposing the SRL from the 50S subunit structure (PDB entry 1JJ2) 41, 42 onto the SRL from the restrictocin-SRL cocrystal structure (PDB entry 1JBS) 9 . The solventaccessible surface area of the ribosome was estimated using either the hydrodynamic radius 43 or the ribosome size from the cryo-EM structure 44 .
Note: Supplementary information is available on the Nature Structural & Molecular Biology website.
